Abstract. We report on synthesis, structural characterization, resistivity, magnetic and thermal expansion measurements on the as yet unexplored δ ′
Introduction
The discovery of superconductivity in Fe-pnictide [1] with critical temperatures T c s as high as 55 K attracted enormous interest to this class of materials. Common to this new family of high-T c superconductors is a tetragonal structure at room temperature consisting of layers of FePn or FeCh (Pn and Ch being a pnictogen or chalcogen atom, respectively), where Fe is tetrahedrally coordinated by Pn or Ch atoms. Prominent examples are LaFeAsO 1−x F x ("1111") [1, 2] , Ba 1−x K x Fe 2 As 2 ("122") [3] , Li 1−x FeAs ("111") [4] , and FeSe 1−x ("11") [5] , see also [6, 7] for recent reviews. The β polymorph of the FeSe phase exhibits superconductivity at ambient pressure with T c ≃ 8.5 K. This compound possesses a layered anti-PbO tetragonal structure (space group P 4/nmm) at room temperature. Upon cooling, a tetragonal-to-orthorhombic (space group Cmma) transition takes place around 90 K [8] . Interestingly, in this compound, the structural transition is not followed or accompanied by a long-range magnetic ordering [9] , as occurs in other Fe-based superconductors, see e.g. [10] and references therein, although the presence of strong spin fluctuations for T ≤ 100 K has been pointed out in the literature [9] . Due to the simplicity of its structure, i.e. the absence of guest ions or interleaved slabs in the van der Waals gap between the FeSe layers, FeSe 1−x Send offprint requests to: mariano@physik.uni-frankfurt.de, a.a.haghi@physik.uni-frankfurt.de has been considered as an interesting target material for studying the intrinsic properties of Fe-based superconductors [11] . However, a relevant open issue concerns the composition of the superconducting phase. For instance, in the original work [5] reporting the discovery of superconductivity in FeSe 1−x , the authors claimed that the composition of the superconducting phase lies between FeSe 0.82 and FeSe 0.88 when these materials are synthesized at temperatures ≤ 700
• C. More recent studies, however, including various experimental techniques, such as neutron scattering as well as Electron Probe Microanalysis (EPMA), have shown that superconductivity in single-phase samples of FeSe 1−x can only occur in the nearly stoichiometric compositions, i.e. close to 1:1 ratio of Fe to Se [12, 13] . Several chemical substitution routes have been reported aiming to reach higher T c values in FeSe 1−x . On the one hand, attempts to increase T c by substituting Fe by Ni, Co [14] and Cu [15] have proved unsuccessful, since superconductivity is destroyed in this process. On the other hand, substitution of Se by S or Te results in a slight increase of T c [14] . Remarkably, application of a pressure of 8.9 GPa increases T c from 8.5 to 36 K [16] . Hence, an obvious question that arises is whether the "36 K high-T c " crystal structure could be stabilized by means of HP/high-temperature (HT)-synthesis. To the best of our knowledge, there is currently only one literature report on FeSe 1−x synthesized under HP conditions [17] .
There is no question that a high-temperature δ ′ -FeSe phase of unknown structure exists [18] , which melts congruently at 1075
• C. According to the phase diagram [18, 19] , the δ ′ -phase of FeSe 1−x has a wide range of homogeneity between 48.5-62 at% Se, while the β-phase is restricted to a narrow homogeneity range of 49-49. 4 at% Se which appears below ∼450
• C [18] . Here we report on the synthesis, structural characterization, resistivity, magnetic and thermal expansion measurements on δ ′ -FeSe 1−x prepared under AP and HP conditions. Superconductivity was only found in the δ ′ -FeSe 1−x samples synthesized at AP conditions. We focus basically on four points; we show that: i) similar to the other phases of FeSe, δ ′ -FeSe 1−x possesses a tetragonal structure at room temperature; ii) superconductivity in δ ′ -FeSe 1−x can be observed in offstoichiometric (monophasic) samples; iii) for samples synthesized under HP conditions, disorder within the FeSe layers is enhanced and only spurious superconductivity is observed; iv) the thermal expansion coefficient for AP δ ′ -FeSe 1−x shows an anomaly around 90 K similar to that found in the "1111" and "122" families at their structural and magnetic transitions.
Experimental Details
The samples were prepared from 99.99+% Fe (Johnson, Matthey Co., Ltd; turning from rods) and 99.999% Se (Chempur, granules of 2-4 mm). To prepare the alloys, equiatomic quantities of selenium and iron lumps were weighed into silica ampoules which were evacuated and sealed. A total amount of starting material of approximately 3 g was melted by induction and chill cast using a high-frequency (HF) generator (300 kHz). This method relies on rapid melting and chilling to minimize the loss of Se as vapor and pronounced alteration in the composition of the alloy [20] . Rapid cooling (∼ 20
• C/s at HT) of the sample from the melt was done by pulling out the ampoule of the the HF-generator coil and dropping it on sand. The samples were kept in vacuum desiccators before the measurements were taken. Powders of δ ′ -FeSe 1−x synthesized at AP conditions were used as the precursor material for the HP/HT synthesis in a 6-8 type multianvil apparatus [21] . The precursor material was put in a BN crucible and heated up to ∼1200
• C under a pressure of ∼ 5.5 GPa and kept at these conditions for 30 min before quenching to room temperature. The crystal structure of the samples was refined at room temperature by X-ray powder diffraction (XRD) measurements using Cu-K α radiation. The analysis of the diffraction data was performed with the GSAS suite of Rietveld programs [22] . A micro-structural analysis was carried out by using EPMA. This analysis, together with magnetic susceptibility measurements on various samples taken from the original batch, revealed the presence of superconducting and non-superconducting specimens (see below) as well as the presence of non-superconducting wire-like fibers with a diameter of ∼100 µm, see also [23] . For the present study, five samples were used: Susceptibility and magnetization measurements were performed using a Quantum Design SQUID magnetometer (Quantum Design Magnetic Property Measurement System). The electrical resistance was measured by employing a standard four terminal ac technique operating at 16 Hz. Measurements on cooling and warming have been taken by employing a sweep rate of ±6 K/h. A 4 He-gaspressure technique was used to study the resistance under hydrostatic-pressure conditions. The pressure changes were performed at room temperature and recorded using an InSb resistance as pressure gauge. The thermal expansion coefficient, α(T) = l −1 (∂l/∂T), was measured by employing an ultra-high-resolution capacitance dilatometer [26] with a maximum resolution of ∆l/l = 10 −10 . Se. Both phases possess an anti-PbO tetragonal structure (space group P 4/nmm) at room temperature, reported here for the first time, although the existence of the δ ′ phase was already reported in Ref. [18] . The summary of the structure refinements is listed in Table 1 . These include the unit cell parameters, atomic positions, and isotropic displacements. The refinements were performed using the following choice of the crystallographic Wyckoff-positions with Fe in (2b) position ( On the iron-rich side, EPMA and X-ray (not shown here) analyses of samples quenched from ∼700
Results and Discussions

Structural and Chemical Analysis
• C revealed two phases, namely β-FeSe and α-Fe, also reported by McQueen et al. [13] . The diffraction pattern of HP δ ′ -Fe 0.95 Se highlights a representative peak shift of all reflections compared to the AP δ ′ -FeSe 0.95 diffraction data (Fig.1a) , which is consistent with a lattice contraction accompanied by a progressive incorporation of vacancies in the FeSe layers upon pressurizing the lattice. As can be Table 1 ).
Our chemical analyses revealed that the AP synthesis described above (see discussion below for #1 and #2), produces single-phase samples of the main composition FeSe 0.95±0.02 . As can be seen from Fig. 2a , EPMA mapping data for Fe and Se confirm the uniform distribution of both elements throughout the sample (#1). However, the increase of the Fe content in the starting composition (Fe:Se = 1:0.88) in the AP synthesis revealed the presence of AP δ ′ -FeSe 0.96 and an excess amount of γ-Fe (#4) that formed a dendritic structure as a consequence of rapid crystallization (see Fig. 2b ). We stress that the chemical analysis of the HP-δ ′ -Fe 0.95 Se (#3) revealed 10 % Fe deficiency compared with the starting composition. This is consistent with the observation of a thin layer of Fe on the BN crucible wall after the synthesis. The compositions found by EPMA were used in the structural refinements of the X-ray diffraction data (e.g. the Se occupancy and the atomic displacement parameters). The results of the chemical and the structural analyses discussed above are in perfect agreement with studies of the FeSe phase diagram reported in the literature [18, 19] . Note that for samples #1, #2 and #3, no indication for foreign phases could be detected. Low-temperature structural data analysis is underway and will be published elsewhere.
Physical Properties
In Fig. 3 we show resistance data for single-phase AP δ ′ -FeSe 0.96 (#2) under ambient and selected 4 He-gas pressures in the temperature range 2-300 K. The measurements were conducted in five consecutive runs in the following sequence: ambient pressure, 0.35 GPa, 0.57 GPa (after this run pressure was removed completely) and a final run under 0.18 GPa. Within the pressure range studied here, AP δ ′ -FeSe 0.96 presents a metallic behavior (dR/dT > 0) down to low temperatures with a residual resistivity ratio RRR = R(300 K)/R 0 = 16. R 0 was determined by extrapolating the normal-state resistance to T = 0 using a second-order polynomial function. To our knowledge, a value RRR = 10 for β-Fe 1.01 Se is the highest residual resistivity ratio to the present date reported in the literature [12] . Thus, the observed RRR of 16 reflects the low defect concentration of the sample studied here. Under ambientpressure conditions, the data reveal the superconducting transition (zero resistance) around 9.0 K. The observation of superconductivity in AP δ ′ -FeSe 0.96 brings into question the proposal [13] that only samples of FeSe 1−x close to the 1:1 stoichiometry show superconductivity (see below). Upon applying hydrostatic pressure, T c shifts to higher temperatures (see inset of Fig. 3) , as reported by other groups [16, 27, 28] . Using "R = 0" as the criterium for the superconducting transition temperature, we obtain T c | 0.18 GP a = 9.9 K, T c | 0.35 GP a = 10.7 K, and T c | 0.57 GP a = 11.6 K. Assuming a linear increase of T c as pressure is in- creased, one obtains dT c /dP hydr = +(4.3±0.5) K/GPa for P hydr ≤ 0.57 GPa, the highest pressure applied in our experiments. This pressure coefficient [29] is somehow higher than that obtained using a diamond anvil cell (dT c /dP = +1.4 K/GPa) [30] , but lower than the one obtained using a clamped piston-cylinder cell with Fluorinert as a pressure-transmitting medium (dT c /dP = +9.1 K/GPa) [31] . This discrepancy might be associated with differences in the sample quality, and the variation of composition, as pointed out in Ref. [32] , as well as with the non-hydrostatic conditions inherent to pressure experiments employing oil as a pressure-transmitting medium. These results imply that hydrostatic conditions are not a prerequisite for the increase of T c under pressure in FeSe 1−x , in contrast to the situation encountered in CaFe 2 As 2 , where it appears that superconductivity can be induced only under nonhydrostatic conditions [33] . In the main panel of Fig. 4 , we present the temperature-dependent magnetic susceptibility below 20 K for AP δ ′ -FeSe 0.95 (#1). The data, taken upon cooling in a magnetic field of 0.5 mT, reveal clearly the superconducting transition at T c = 8.5 K. Thermal expansion experiments on AP δ ′ -FeSe 0.95 (#1) are shown in Fig. 5 . It is worth mentioning here that thermal expansion measurements on polycrystalline samples quantify the directional average value for the uniaxial thermal expansion coefficients α i (T ), with i = a, b and caxes, which precludes any directional-dependent analysis. In other words, thermal expansion on polycrystalline samples probes the volumetric expansivity β, i.e. α ≃ β/3. As can be seen from the tetragonal-to-orthorhombic structural transition, revealed at T t−o = 90 K also for β-FeSe 1−x [8] . The shape of the α(T ) anomaly (cf. lower right inset of Fig. 5 ), i.e. a small maximum at the high-T side followed by a rapid reduction and a dip, resembles the anomalies observed at T t−o in related materials. This includes polycrystalline samples of undoped LnFeAsO (Ln = La, Ce, Sm, Gd) [34] as well as single crystals of Co-doped BaFe 2 As 2 [35] and CeFeAsO [10] measured along the c-axis. The latter data are shown, for comparison, in the lower right inset of Fig. 5 . The striking similarity of the α(T )-anomaly around T t−o for δ ′ -FeSe 1−x to those observed in the undoped or underdoped variants of the various other Fe-based superconductors is remarkable, as in all these systems -except FeSe 1−x -the structural transition is accompanied or followed by the onset of long-range magnetic order at T N with T N ≤ T t−o , c.f. the closely spaced transitions at T N and T t−o in CeFeAsO shown in the lower right inset of Fig. 5 [10] . This may suggest that also in FeSe some kind of "magnetic state" forms slightly below T t−o . In fact, a closer inspection of the magnetic susceptibility χ, shown in the inset of it simply reflects changes in the magnetic interactions as a consequence of the structural changes associated with T t−o . At lower temperatures, α(T ) shows a shallow maximum around 17 K (see left upper inset of Fig. 5 ). Remarkably, this feature coincides with the temperature at which X-ray diffraction experiments on β-FeSe 0.99 revealed that the torsional angle between the Se pairs changes from 90
• to 89.7
• [8] . As a consequence, one Fe-Fe distance in β-FeSe 0.99 shrinks, while the second Fe-Fe distance elongates, resulting in an average change in the short-long Fe-Fe separation of 0.012Å [8] . Thus, we attribute the signature in α(T ) around 17 K to the above-mentioned structural changes in the local surrounding of Fe. The superconducting transition is clearly observed in our thermal expansion experiments. The discontinuity in α around 8.5 K with ∆α ∝ ∆β > 0, indicates (upper left inset of Fig. 5 ), according to the Ehrenfest relation, dT c /dP ∝ ∆β/∆C, a positive hydrostatic pressure dependence of T c . The latter result is consistent with our resistivity data under 4 He-gas pressure, cf. Fig. 3 . In contrast to AP δ ′ -FeSe 1−x , samples synthesized under HP/HT-conditions revealed only traces of superconductivity. As can be seen in the inset of Fig. 6 , the resistance of HP δ ′ -Fe 0.91 Se (#5) remains finite down to low temperatures and no diamagnetic signal was observed (not shown). Although we cannot definitely rule out that spurious superconductivity is the result of traces of superconducting δ ′ -FeSe with T c of ∼8.5 K, the midpoint of the very broad transition around 8 K, which is lower than that of superconducting δ ′ -FeSe, points against such a scenario. According to the pressure dependence of T c , obtained in the inset of Fig. 3 , we would expect that the pressure exerted by the matrix of the HP phase (due to the reduced lattice parameters) on the δ ′ -FeSe precipitations, should give rise to an increase of T c .
An important question, which has not yet been answered satisfactorily, regards the magnetic background and its relation to the superconducting state in FeSe 1−x . To this end, magnetization measurements were conducted at [13, 36] . In Ref. [13] this magnetization has been related to Fe precipitations, verified also in the diffraction data on the samples studied there [13] . As X-ray and EPMA analyses gave no indication for traces of foreign phases in the present materials, the large magnetic moments observed here have to be of different origin. It is still premature to definitely state that a large magnetic moment is a necessary condition for the material to become superconducting at T c = 8.5 K. Yet, the substantially reduced moment by ∼35% for the non-superconducting HP sample (#3) would point in the same direction. The Fe deficiency revealed for δ ′ -Fe 0.95 Se (#3) after the HP/HT treatment of δ ′ -FeSe 0.95 (#1) is likely to be caused by the introduction of vacancies in the FeSe layers. In addition, those interstitial Fe atoms which are weaker bonded compared to the regular Fe atoms in the lattice, are likely to be expelled from the bulk as a consequence of HP/HT annealing. This is consistent with the reduction of the RRR value from 16 (#1) to ∼3 (#3) (see main panel of Fig. 6 ), and the broadening of the diffraction peaks for HP δ ′ -Fe 0.95 Se (#3) (Fig. 1b) , and indicates that superconductivity in FeSe is very sensitive to disorder in the FeSe layers.
Conclusion
To summarize, we have synthesized the δ ′ phase of FeSe under ambient-and high-pressure conditions. The roomtemperature structure of AP δ ′ -FeSe was refined for the first time. Our analysis reveals that superconductivity in monophasic AP δ ′ -FeSe 1−x can be observed in offstoichiometric samples with excess Fe atoms preferentially residing in the van der Waals gap between the FeSe layers. The question whether this is a prerequisite for superconductivity, as a consequence of the generation of charge carriers, is unclear at present. We showed that high-pressure synthesis results in Fe-deficient samples due to the replacement of the interlayer/interstitial vacancies by Fe atoms. This is accompanied by disorder in the FeSe layers, a reduction of the average magnetic moment and the occurrence of only spurious superconductivity. In addition, we showed that the thermal expansivity in the immediate vicinity of the tetragonal-to-orthorhombic structural phase transition in δ ′ -FeSe 1−x possesses a striking similarity with literature results on other Fe-based materials, where the structural transition is followed by a magnetic ordering of the Fe magnetic moments. Finally we emphasize that in order to exploit the potential of the highpressure synthesis, the influence of the annealing conditions, i.e. temperature and pressure, on the stabilization of the δ ′ phase and its superconducting properties has to be investigated in more detail. We anticipate that by the application of higher pressures during the synthesis, one should be able to stabilize an orthorhombic crystal symmetry with lattice parameters comparable to those characterizing the superconducting phase [37] .
Acknowledgements
This work is part of the DFG priority program (SPP 1458) "High-Temperature Superconductivity in Iron Pnictides" funded by the German Science Foundation.
